Metastable Aspects of Singlet Extended Higgs Models 



L. Clavelli* 
Department of Physics and Astronomy 
University of Alabama 
Tuscaloosa AL 35487 

September 23, 2008 



Abstract 

It has long been known that the broken supersymmetric (susy) phase of the singlet 
extended susy higgs model (SESHM) is at best metastable and the ground states of the 
model have vanishing vacuum energy and are exactly supersymmetric. If the SESHM is 
confirmed at the Large Hadron Collider (LHC), the numerical values of the parameters 
of the model have a bearing on key properties of the susy phase and might provide an 
estimate of the remaining time before a possible decay of our false vacuum. We provide 
some analysis of the model including a treatment of phases in the potential and soft 
higgs masses. 



1 Introduction 



In the minimal supersymmetric standard model (MSSM), the higgs sector consists of two 
higgs doublets one coupling to the up-type quarks and the other to the down-type quarks. 
This can be extended by the addition of a higgs singlet and such models have been the 
subject of extensive study over the last three decades as chronicled in recent reviews [HE]- 
The most general, renormalizable, singlet extended, susy higgs model (SESHM) corresponds 
to the superpotential 

W = X I^S{H^ ■ H, - v') + jS' + ^S'^ (1.1) 

where S is the singlet higgs field. The dot product is defined as 

H^-H, = HlH',-H^H, . (1.2) 
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In the present work, focusing on the vacuum properties of the higgs potential, we suppress 
the charged higgs fields assuming, as usual, that they do not acquire vacuum expectation 
values. 

This model was first written by Fayet [3j in the seventies and its metastability was already 
noted then. The vacuum expectation value of the S field corresponds to the /i parameter of 
the MSSM and the introduction of the singlet higgs therefore provides a possible dynamical 
solution to the so-called /i problem of the MSSM Most, if not all, of the subsequent 
phenomenological analysis has restricted the most general model by putting one or more of 
the parameters in 11.11 to zero p]. For instance the "next to minimal susy standard model" 
(NMSSM) takes v and fiQ to zero. The "UMSSM" takes v, A', and fiQ all to zero and 
introduces an additional U(l) gauge symmetry. The "nearly minimal susy standard model", 
(nMSSM) takes /iq and A' to zero. All of these well studied limiting cases of the SESHM 
treat the model in the absence of the /io coupling. The vanishing of no can be obtained, with 
some loss of generality, by requiring that the superpotential is odd under S —S while the 
scalar potential is even. In addition, phenomenological studies have naturally concentrated 
on the broken susy phase whereas the properties of the exact susy ground state and the 
inter-phase relations of the model have been largely ignored. 

With the accumulation of experimental evidence that the universe has a small positive 
vacuum energy and originally, in the inflationary era, had a much larger vacuum energy, 
interest in metastable models with a susy ground state has increased |5l[6]. In string theory 
also, it is thought that the universe makes transitions among a large number of local minimal 
in a string landscape. The original and primary manifestations of string theory had zero 
vacuum energy and were exactly supersymmetric as in the ground states of the SESHM. 
However, string theory also has a prominent manifestation with negative vacuum energy, 
the anti-deSitter universe of the AdS/CFT correspondence, and many other possible local 
minima with a wide variety of vacuum energies. If the universe were to fall into a state of 
large negative vacuum energy it would collapse on a short time scale in a "big crunch" . This 
leads to possible physical and philosophical problems which are irrelevant to this paper since 
we treat exclusively the SESHM. Thus, although string theory can be a source of inspiration, 
we do not feel bound by specific string possibilities in advance of experimental confirmation. 

In the absence of soft susy breaking, the SESHM has a positive definite scalar potential 
and, therefore, no negative vacuum energy solutions. We assume that the soft breaking 
terms preserve this feature in order to provide a model for the current phase of the universe. 
Another difference between string theory and lagrangian higgs models is that in the latter 
the parameters of the higgs potential are the same in each local minimum although the vevs 
of the fields could differ widely. In string theory the parameters of the potential are also 
thought to be minimum dependent. 

In a recent paper we have shown that the SESHM has four critical points where all 
derivatives with respect to the fields vanish. These are: 

Solution 1: Exact Susy with Electroweak Symmetry Breaking (EWSB) 
Solution 2: Exact Susy with no EWSB 
Solution 3: Broken Susy with no EWSB 



Solution 4: Broken Susy with EWSB 

Solution 4, is, obviously, most close to our universe. A susy ground state with EWSB 
will, in general, support non-zero particle masses and therefore susy atoms and molecules 
[8]. Solution 2, on the other hand, corresponds to a supersymmetric plasma of elementary 
particles with no atomic, molecular, or condensed matter physics. 

We are primarily interested in metastability aspects of the SESHM which have not been 
treated in earlier studies. It is theoretically possible to identify which regions of the parameter 
space have a doublet higgs vacuum expectation value greater in solution 4 than in solution 1. 
Since quark and lepton masses are controlled by the doublet higgs vev, in matter dominated 
regions of configuration space, these regions of parameter space would have greater energy in 
solution 4 than in solution 1. This would allow an exothermic transition from our universe 
to that of solution 1 whereas, in other regions of parameter space there would be only an 
endothermic transition to solution 1 neglecting the small amount of vacuum energy that 
would be released. In either case there could be an exothermic transition to solution 2. The 
situation is schematically indicated in figured] projected into a one dimensional higgs space. 

Of course, nucleon masses are proportional to the A parameter of QCD and are much 
larger than the corresponding quark masses. Thus, among the atomic constituents, only the 
lepton masses are sensitive to the higgs vev. Since in normal matter even the electron energy 
density is much greater than the vacuum energy density, the transition to exact susy would 
require extra energy input if the higgs vev in the exact susy minimum were greater than that 
in our broken susy minimum. 





(case A) 



(case B) 



Figure 1: The higgs potential is plotted schematically versus a one- dimensional higgs field in 
the exothermic case A and the endothermic case B. The minimum corresponding to solution 
3 is not shown. See text. 



Although we cannot, a priori, predict which region of parameter space is realized in 
nature, the issue can be experimentally resolved by a sufficiently detailed study of the higgs 
sector at the LHC or some future accelerator. We cannot even be sure, of course, that the 
higgs structure of nature is that of the SESHM but this also will soon be experimentally 



determined. Thus the question is one of physics and not merely one of philosophy. In string 
theory, on the other hand, it is not clear at present whether there are any unique predictions 
that are falsifiable in advance of the next transition. 

In ref.[7] we treated solution 4 in a simplified toy model ignoring phases and soft susy 
breaking terms. In the current article we give the phase analysis. This will eventually allow 
a treatment of CP violation from the higgs sector of the SESHM although we do not proceed 
here to a phenomenological analysis. We also give a partial analysis of soft terms. 

There is, at present, no good theory of susy breaking in our universe nor is there a 
good theory for why the vacuum energy is as small as it is. In the MSSM and in other 
phenomenological approaches one usually adds to the scalar potential explicit "soft" susy 
breaking masses and A terms as discussed in section 2. These are often postulated to derive 
from susy breaking in some "hidden" sector communicated to our sector through gravita- 
tional or other interactions but they could also be thought of as an effective representation 
of a more complete model of susy breaking. In the toy model of ref. [7] ignoring phases it 
was possible to find consistent higgs sector solutions without treating soft terms. In the 
current treatment of complex fields and complex Lagrangian parameters we find that it is 
no longer theoretically consistent to ignore soft terms in the broken susy phase. The current 
suggestion, then, is that the susy-breaking critical points of the SESHM are promoted to 
true minima by non-perturbative effects assumed here to be parametrizable in terms of soft 
higgs masses. 

The crucial points are: 

1) When the transition to exact susy occurs, simultaneously in both sectors, these soft terms 
will vanish and 

2) A sufficiently detailed experimental analysis of the broken susy phase can separate the 
soft terms from the other terms in the higgs potential and determine whether the transition 
to the susy solution 1 is exothermic or not. 

A further question that can be answered when all the parameters of the higgs sector 
are experimentally determined is what will be the expected lifetime of the current universe. 
If the higgs vevs in the broken susy state approach those of the exact susy state or if the 
height of the barrier goes to zero the lifetime of the broken susy phase will go to zero. It is, 
therefore, of interest to ask for which regions in parameter space, if any, do these conditions 
prevail. Experiments at the LHC may thus be relevant to the expected lifetime of the current 
universe. Of course, the fact that the current universe has survived for some 13 billion years 
also constrains the parameters and suggests that the expected future lifetime should not be 
orders of magnitude less than this. 

In section II we review the SESHM and the critical point conditions on the parameters 
and vevs. A full analysis of the soft terms is postponed to a time when the LHC has 
determined that a singlet higgs is, in fact, present. To illustrate the suggested procedure 
it is sufficient to consider a soft higgs scalar mass squared M| and a common soft doublet 
higgs mass squared M^. In section HI we examine the parameter space as a function of 
these two soft squared masses taken to be positive. In fact, however, there are no theoretical 
or experimental reasons for these soft squared masses to be positive providing the physical 



higgs squared masses are non-negative and consistent with experimental constraints. 

In section IV we consider the possibility that M| and M| are negative which allows a 
(fine-tuned) situation in which the higgs vacuum energy in the broken susy phase is equal to 
the experimental dark energy. We note that there are, at present, no successful models for 
the dark energy which do not involve fine tuning even if the anthropic principle is used to 
trivially "predict" that a theory with a small dark energy exists. There are also, however, 
other possible contributions to the dark energy such as from compactification, thermal effects, 
loop contributions with broken susy etc. Thus, while we find the possibility of negative M| 
interesting to consider, its exact value cannot be firmly predicted by this method unless 
or until the other contributions to the dark energy are known to be small and the other 
parameters of the higgs potential are known. 

Our results are briefiy summarized in section V. 

We rely on the experimental fact that the vacuum energy is positive. We exclude, there- 
fore, contradictory regions of parameter space with large negative values of M| or Mfj. 
This has the consequence that the susy minima are lower in energy density than the broken 
susy minima and the broken susy minima are metastable as in ref. [3]. If experiments had 
found a negative vacuum energy in the broken susy phase, it would be possible to write a 
SESHM with a broken susy ground state. These points and the entire current paper as- 
sume that we can neglect non-perturbative effects except as effectively describable in terms 
of the soft terms. This assumption is common to the MSSM and most, if not all, of the 
phenomenological treatments of the SESHM. 



2 The Singlet Extended Susy Higgs Model 

The superpotential of the SESHM given in eq. ll.ll leads to the F term contributions to the 
scalar potential 

' + . (2.1) 

-\H.a-H,fy (2.2) 

where gi and g2 are the U{1) and SU{2) gauge coupling constants. Since we restrict our 
attention to the potential of the neutral higgs fields, we can discard the second term in g"^. 

The soft susy breaking terms are 

Vsoft=X^ (mjj^ \HX + m]j^ \Hd\^ + m| l^]^ 

+ {AsSHu ■ Hd + AivS + A2^loS^ + A^X'S"" + h.c.)) . (2.3) 

The full potential is the sum of these three terms 

V = VF + VD + V,oft . (2.4) 



H^-Ha-v' + X'S' + ^i,S +\S\'{\H^\ 



In addition we have the gauge generated D terms 



Vd 



gi + gi 



Since the soft parameters are, a priori, undetermined we can, without loss of generahty, 
factor out a as in eq. 12. 3[ A result of this convention is that the critical point conditions 
do not depend on A although all the mass squared eigenstates are proportional to A^ apart 
from small calculable D term contributions. 

The critical points of the potential are those points in field space where all first derivatives 
with respect to the fields vanish. The critical points are true local minima if the eigenvalues 
of the higgs mass squared matrix are all non-negative. 

In the exact susy phase, the soft terms are absent as discussed in the introduction. The 
symmetry of the remaining potential under Hu — Hd interchange, implies that at the minima 
of the potential the two doublet higgs will have equal vacuum expectation values and the D 
terms will vanish which is, in fact, a condition for exact susy. 

The most general renormalizable model including soft terms corresponds to a complicated 
multi-parameter potential whose full analysis will only be justified when and if singlet higgs 
fields are experimentally discovered. In this paper we show how certain questions related 
to metastability can be addressed while restricting our attention to soft mass terms only, 
with the additional simplification of equal soft and Hd mass squared terms. This latter 
restriction leads to equal doublet higgs vevs in the susy breaking minima and therefore to 
the absence of D terms at the minima. The D terms will however contribute to the mass 
squared matrix and must therefore be taken into account. 

We analyse, therefore, the simplified model 

V = VF + VD + X^ml\S\' + X^m]j{\Hu\^ + \Hd\^) . (2.5) 

Hermiticity requires that A, m|, and m\j be real. Without loss of generality we can take 
one further parameter real; we choose v real. The phase dependence of the potential then 
corresponds only to the phases of the remaining three terms in Vp so the phase of A' can be 
absorbed into that of the field S and the parameter /xq. A' then being taken real. Apart from 
the overall factor of A^ the Lagrangian is then dependent on the the complex parameter /xq 
and on the real parameters m|, m^. A' and f , a total of six real parameters. As a function 
of these we seek points in the field space 

< S >=So 

< >=< Hd >= vo (2.6) 
at which all the first derivatives of V vanish. The critical point conditions are, therefore, 

■ = {2\'S* + fi*){vl -v^ + A'S^ + fioSo) + So{2\vo\' + ml) (2.7) 



and 



A2 dS^ '° 
1 dV 



A2 dHV" 



v*{vl-v' + X'S',+fioSo)+vo{\So\' + ml) . (2.8) 



These two equations determine possible values of the complex vevs, 5*0 and Vo in terms 
of the parameters of the potential. It is convenient, however, to invert the relations and 
consider /io and v as determined by the vevs 5*0 and fo- 



The higgs contribution to the vacuum energy is 

V{0) = A' {\vl -v^ + \'S^ + /io^op + 2|5o|>or + ^ll'^oT + 2\vo\^ml) . (2.9) 

The critical points are independent of A while the higgs vacuum energy is proportional 
to A^ but this cannot be made arbitrarily small without similarly reducing the masses of the 
physical higgs eigenstates unless the soft masses m| and m'j^ are correspondingly fine-tuned. 
We will set A to unity with the understanding that the physical higgs masses can be scaled 
by a common factor of A while the vacuum energy density is scaled by a factor of A^. 

The critical points with exact susy are found by solving eqs. l2.7l and 12.81 neglecting the 
soft mass terms as discussed in the introduction. Two degenerate solutions are found with 
zero vacuum energy: 

Solution 1: vq = V , Sq = : exact susy with EWSB 

Solution 2: Vq = , X'Sq + fioSo — = : exact susy; no EWSB 

Since, neglecting soft terms, the scalar potential is positive definite or zero, any localized 
critical points with zero vacuum energy are true minima. 

Two more solutions can be found with non-zero vacuum energy and non-zero singlet vev 
5*0. For these, to illustrate the procedure, we keep the soft mass terms as representative of 
all the soft terms . If a singlet higgs is confirmed at LHC it will be of interest to do the 
complete global analysis. 

Solution 3 has no EWSB {vq = 0) and a cubic equation for l^ol: 

{2\'S; + fxl)i-v' + \'S',+fXoSo) + Soml = . (2.10) 

For this to be a true local minimum we would have to require that all the physical higgs 
squared masses are non-negative here. We will not pursue this question at solution 3 in the 
present paper although it might ultimately become interesting to consider whether a transi- 
tion from solution 3 to solution 4 could describe an EWSB transition in the early universe. 
Here we concentrate on the parameter space conditions that will make solution 4 a true local 
minimum. Solution 4, which has EWSB, corresponds to the extensive phenomenological 
discussion in the literature [H |2] treating various limiting cases of the SESHM. In solution 
4, we take the experimental EWSB to require |fo| ~ 247 GeV. 

With non-zero Vq and Sq, the two equations 12.71 and 12.81 can be combined to yield 

- ^(2A'5o + /xo)(|5o|' + ml) + S;{2\vo\' + m|) = (2.11) 

^0 

and 

y^ = y*^ = y^^ + X'S',+ixoSo + ^{\So\' + m%) . (2.12) 

The vacuum energy in solution 4, V4(0), is given by substituting the vevs Vq and 5*0 satisfying 
eqs.EUD and [2l2 into eq.EH 

V^4(0) = A2(|^o|^+ |^or(2|t;or + ^| + 2m^) +m^ + 2m^|t;o|') . (2.13) 



It is convenient to define the real dimensionless variables 

^=1^501 , (2.14) 

B={2\v,\' + ml)/\S,\' , (2.15) 

and 

C = l+m^/|5oP . (2.16) 

Rather than deal immediately with the cubic equation for 5*0, we prefer to define the param- 
eter /io in terms of the value for So assumed to run over all consistent values. From eqs. l2.11l 
and Ell 

/^o = ^-2A% . (2.17) 

We could, of course, investigate the /iq = case as in the well-studied limiting cases of the 
SESHM but we prefer to maintain generality. 



3 The Higgs Mass Squared Matrix 

The higgs mass squared matrix in solution 4 is obtained by taking the scalar potential of 
eq. l2.5l and expanding around the vevs of the neutral fields. We write 

S=s + So 

Hu=K + vo (3.1) 
Hd=hd + vq 

Taking v real, we can write the four complex numbers as 

So=\So\e'^ 

Vo=\vo\e''^' . (3.2) 
It is convenient to use the symmetric and antisymmetric combinations of the h fields: 

hd=hp — hm . (3-3) 

Using eqs. l2.11l and 12.121 to eliminate the terms linear in the shifted fields and discarding 
terms cubic and quartic in the fields, we have 

V = Vi{<d)+X . (3.4) 



The mass squared matrix can be written 

X = mlMl/2 + ^2^2/2 + AX . (3.5) 

The two real fields ^1 and ^2 have been trivially separated out with the definitions 

^i=hme-'^° + hie'*" 

^2=h^e-"^'/t-hle-^''^"/i (3.6) 
and the corresponding squared masses 

M',=2C\So\' + 8{gl + gl)\vo\' 

M^=0 . (3.7) 

The massless field is absorbed into a massive Z boson. The remaining scalar boson can be 
quite light depending on the values of C and \So\'^. The possibility of observing such a light 
higgs boson of the NMSSM in the radiative decay of the T has been recently discussed [9]. 

The remaining mass squared matrix is 

AX=-hlC\SoW/vo + 2hphl{2\vo\^ + C\So\^) + 2hpsS;vl 

+2hpS^Sov*iB/C + 1) - hl'c\So\\o/v*o + 2hlsS;vo{B /C + 1) + 2hls^SoVo 
-s^C\So\^X'v*/vo + ss^So\^B{B/C^ + 1) - s^^C\So\^X'vo/v* . (3.8) 

This can be simplified and written in terms of real fields, $j, by the transformations: 

/ip=(<l>i+z<l>2)e'<^« 

/ij=(<l>i - z<l>2)e-*^o (3.9) 
s=($3 + z$4)e^'^» 

st=($3 - i$4)e-*'^o . (3.10) 

Then 

AX=4$>or + 4$^(|^or + C\So\^) + <i>l\So\\ByC^ + B- 2C\\'\ cos(0a)) 
+<^l\SoWByC^ + B + 2CX' 

+4$i$3|^o|^^cos(0 - (t)o){B/C + 2) + 4$i<l>4|5o|^Asin(0 - (f)o){B/C + 2) 
-4$2'^'3|^oP^5sin(0-0o) +4$2$4|5oP^5cos(0-0o) • (3.11) 

Next we make the transformations: 

$3=X3 cos(0 - 0o) - sin(0 - 0o) 
$4=X3 sin(0 - 0o) + X3 cos(0 - 0o) 

$2=^2 (3.12) 



after which 



AX=4XiXi|t;o|' + AXiX^\vo\\B/C + 2) + AX2X2\v^\\l + C/A^) + AX2Xi\vo\^B /C 
+X3X3|S'o|^(5Vc2 + 5 - 2CA' cos(/3)) + 4X3X4I50IW sm(/?) 
+X4X4|5o|^(5VC^ + 5 + 2CA'cos(/3)) . (3.13) 

where we have put 

/3 = 2(0-0o) . (3.14) 

We scan over six real parameters, A', m|, m|^, 15*01,^, and (f). If A' vanishes as in the 
nMSSM, it is possible to diagonalize the mass matrix analytically. We prefer, however, 
to maintain greater generality so we numerically solve for the eigenvectors and the mass 
squared eigenvalues using the Jacobi method [lU]. We require that all the eigenvalues are 
non-negative and examine the resulting solution space. In the numerical study we take \vq\, 
nominally 247 GeV, as our unit of energy. In these units the exothermic situation discussed 
above then requires that v be less than unity. 

From eq. l2.17l we have 

l/iol = \Sq\ (b^/C^ + 4A'^ - AX\B/C) cos(/3))^^^ . (3.15) 



From eqs. 12. Illl2.12l and 12.171 

t;2 = e2^'^o(|t;o|'-A'|5o|V^ + |5oP(5/C + C)) . (3.16) 
The condition that v is real determines the phase 0o in terms of five real parameters: 



tan(20o) = I \2 ^ \Q \2(uin ^ n\ Tn^2 71^ (^.17) 

\vo\ + \B/C + C) - A'|Sor cos(/5) 

after which 

v'' = cos(2</)o)(|i;oP + \SqWB/C + C)) - A'|5oP cos(20o + P) (3.18) 

and 

= /5/2 + </)o . (3.19) 

The phase of /xq is determined by the reality of v"^: 

tan(20o-0)(i?/C-2|y|cos(/3) 
tan^</)^j - _ 2^,^^^^^^^ ^ g.^^^^ ^^^^200 - <P) ■ ^ ^ ^ 

We now scan over the six free parameters requiring that the squared higgs masses be 
positive and recording the consistent values of the parameters. 
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• 1.985 < V < 2.9775 ^ 2.9775 < v < 3.97 
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Figure 2: The space of solutions for A' and |yUo| with the corresponding- values of v grey-scale 
coded in the case of positively constrained soft squared masses. 
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Figure 3: The space of solutions for positive soft squared masses and with the 
corresponding values of v grey-scale coded. 
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Table 1: Allowed values of parameters requiring positive physical higgs squared masses and 
positive soft squared masses in solution 4. M3 through Mg together with Mi give the range 
of physical higgs masses. Underlined quantities are somewhat arbitrarily imposed. Other 
quantities are consequent limits of the solution space. Mmm gives the minimum value of Mi 
and M3 through Mg. Dimensional quantities are given in terms of the doublet higgs vev 
= 247 GeV. 



4 Solutions with positive soft squared masses 



In this section we constrain the soft squared masses to be positive. We scan for solutions with 
the physical higgs squared masses between 0.1 and 10 in units of |foP, < v < 4, and soft 
squared masses between and 7.5. This first requirement is equivalent to the assumption 
that the minimum higgs mass is greater than about 80 GeV although, as noted above and in 
ref. ??, in the SESHM, the experimental limits need to be carefully re-examined. As noted 
in the introduction, no solutions are found with both soft masses vanishing although copious 
solutions are found with vanishing m?^. The vacuum energy density at the minimum lies 
between 2.9 and 4.0 in units of |fo|^- This agrees with the expectation that the vacuum 
energy is of order of the higgs vev to the fourth power. It is of course far greater than the 
observed value of the vacuum energy in our broken susy state. 

A distinctive property of this solution space is that A' and |/io| are in the non-perturbative 
region. This is similar to the finding of large couplings in another model of the metastable 
vacuum 

5 Solutions with negative soft squared masses 

As discussed in the introduction, the soft squared masses can be negative as long as the 
physical higgs particles have positive squared masses, a condition we can impose in the 
scan over parameters. The freedom to consider negative soft squared masses can be used to 
parameterize the fine tuning of the vacuum energy that is, at present, necessary to understand 
its smallness relative to the natural scale of Vq. Ignoring other possible contributions we may 
equate V4(0) with the observed vacuum energy jlT] : 

1^4(0) = (5.9 ± 0.2)me1/^ = (1.59 ± 0.04) ■ lO'^^ol^ (5.1) 

We may fix Vi{Q) at this value by choosing in eq. l2.13l 

m| = -C^l^ol' - 2|t;o|'C + I^^oI'tt^ " 10-^^(1.59 + 0.04(2r - 1)) (5.2) 

A I Do I 

where r is a random number between and 1. It is interesting that in this part of parameter 
space it is possible to find solutions with small values of the couplings A' and |/io| thus 
suggesting a perturbative treatment of the higgs interactions. Some scatter plots of these 
solutions are shown in figs. H]l5f6l andH It can be noted that, in this full theory with complex 
fields, no solutions are found for the phase of the doublet higgs vev, 0O; near or 2tt. The 
hypercube containing all the solutions is tabulated in tabled 

6 Summary 

We have examined the singlet extended higgs model from the point of view of a possible 
transition from our world to an exactly supersymmetric world with electroweak symmetry 
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Figure 4: The space of solutions for A' and \iio\ with the corresponding values of v grey-scale 
coded allowing for negative squared soft masses and requiring that the higgs vacuum energy 
be equal to the observed value of dark energy. 
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Figure 5: The space of solutions for and is shown with the corresponding values of 
V grey-scale coded allowing for negative squared soft masses and requiring that the higgs 
vacuum energy be equal to the observed dark energy. 
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• 1 .985 < V < 2.9675 ^ 2.9675 < v < 3 .95 
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P 

Figure 6: The space of solutions for P and |5'o| with the corresponding values of v grey-scale 
coded allowing for negative squared soft masses and requiring that the higgs vacuum energy 
be equal to the observed dark energy It is seen that the low values of v are concentrated at 

P = mr 



■ .02 < V < 1.0025 ▼ 1.0025 < v < 1.985 

• 1.985 < V < 2.9675 ^ 2.9675 < v < 3.95 




1.3 2.6 3.9 5.2 



P 

Figure 7: The space of solutions for /3 and 0o with the corresponding values of v grey-scale 
coded allowing for negative squared soft masses and requiring that the higgs vacuum energy 
be equal to the observed dark energy. 



-1 C~i 





minimum 


maximum 


mean 


std dev 


A' 


0.010 


5.99 


2.70 


1.66 


M3 


0.33 


1.72 


1.23 


0.33 


M4 


1.58 


3.55 


2.59 


0.37 


M5 


3.34 


9.93 


6.11 


1.57 


Me 


0.327 


9.75 


5.44 


2.21 


^4(0) 


1.55 • 10-^^ 


1.63 • 10-^^ 


1.59 • 10-5^ 


0.04 • 10-5^ 


l^ol 


1.37 


3.48 


2.64 


0.52 


Ml 


-0.85 


-0.16 


-0.37 


0.13 


Ml 


-10.2 


-1.62 


-6.38 


2.40 


V 


(LQ 


40 


2.01 


1.14 


l/^o| 


0.05 


45.2 


15.9 


10.2 




0.0 


6.283 


3.20 


1.76 




2.36 


5.48 


3.96 


0.88 




0.00 


6.283 


3.21 


2.29 


/3 


0.00 


6.283 


3.08 


1.76 




0.33 


1.61 


1.09 


0.26 


c 


-0.06 


0.26 


0.13 


0.04 



Table 2: Allowed values of parameters requiring that the higgs vacuum energy in solution 4 be 
equated with the observed vacuum energy. This requires that both of the soft squared masses 
are negative although the physical higgs squared masses are all required to be positive. M3 
through Me together with Mi give the range of physical higgs masses. Underlined quantities 
are imposed. Other quantities are consequent limits of the solution space. Mmin gives the 
minimum value of Mi and M3 through Mq. 



breaking. We have included the effects of the quadratic superpotential term in the scalar 
higgs field which has been neglected in the analyses of other authors. Copious parameter 
space solutions have been found in which an exothermic transition to an exact susy world 
with EWSB is possible as well as many others where this is not possible. Experiments at 
the LHC will be able to decide which solutions are realized in nature if, in fact, a susy 
higgs structure with an extra singlet is confirmed. We have begun the analysis of phases 
in the potential which could eventually be of interest for CP violation. We have noted 
and explored physical regions of parameter space where the soft squared higgs masses are 
negative although the physical higgs squared masses are positive. 

In a future paper we would like to explore solution 3 which has exact susy but no EWSB. 
It will be of interest to ask whether some or all of the physical regions of parameter space for 
solution 4 will also lead to a true minimum of the potential at the critical point of solution 
3. In this case we will be able to consider whether the model is consistent with an EWSB 
transition from solution 3 to solution 4 occuring in the early universe. 

Phenomenological predictions of the model for production mechanisms and decay chains 
at the LHC is left for consideration in later papers with special attention to the effects of a 
non-zero parameter. 

Acknowledgements 

This work was supported in part by the US Department of Energy under grant DE-FG02- 
96ER-40967. 



References 



[1] S. Kraml et al., |hep-ph/0608079 



[2] V. Barger, P. Langacker, and G. Shaughnessy, hep-ph/0611112, Proceedings of the 14th 
Int. Conf. on Supersymmetry and the Fundamental Interactions, Irvine CA, 12-17 June, 
2006, J. Feng ed., AIP 2007 

V. Barger, P. Langacker, H.S. Lee, and G. Shaughnessy, Phys. Rev. D73, 115010 (2006) 

[3] P. Fayet, Nud. Phys. B90, 104 (1975); Nucl. Phys. B113, 135 (1976); Phys. 
Leit.B78,417 (1978) 

[4] H.-P. Nilles, M. Srednicki, and D. Wyler, Phys. Lett. B120, 346 (1983) 
J.E. Kim and H.-P. Nilles, Phys. Lett B138, 150 (1984) 



[5] Steven Giddings, |hep-th/ 0303031 ] Phys. Rev. D68,026006 (2003). 

[6] K. Intriligator, N. Seiberg, and D. Shih, |hep-th/0602239| y3, JHEP 0604:021 (2006) 



[7] L. Clavelli, Landscape Implications of Extended Higgs Models. [arXiv:0705. 12901 UMPA 
(2008) 

Extended Higgs Models and the Transition to Exact Susy, larXiv:0710.2341[ Proceedings 



of 15th Annual International Conference on Supersymmetry, Susy07, W. de Boer ed, 
European Journal of Physics (2008) 



[8] L. Clavelli and T. Lovorn, Ionic Binding in a Susy Background, ihep-ph/0611013, IJMPA 
22, 2133 (2007) 



[9] R. Dermisek, J. Gunion, and R. McElrath, arXiv:hep-ph/0612031, Phys. Rev. 
D76:051105 (2007) 

[10] Numerical Recipes, W.H. Press, S.A. Teukolsky, W.T. Vetterling, B.P. Flannery, Cam- 
bridge University Press (1986) 

[11] C. Amsler et al. Particle Data Group, Phys. Lett. 667, 1 (2008) 



